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1. Introduction 

Weak-scale supersymmetry(SUSY) JU has been a promising candidate for physics be- 
yond the Standard Model due to the natural solution to the hierarchy problem and 
the gauge coupling unification and etc. It is well known that supergravity mediation 
of SUSY breaking at the hidden sector generates all required soft SUSY breaking 
terms of order the weak scale However, it does not explain how soft masses 
approximately conserve flavor as required by bounds on flavor-changing neutral cur- 
rents. 

Recently, there has been a lot of attention to models with extra dimensions 
which give a new ground for understanding the SUSY breaking in a geometric way. 
Identifying extra dimensions by discrete actions leads to orbifolds 0, which lead to 
chiral fermions and the reduction of higher dimensional supersymmetry. Moreover, 
all or some of SM particles can be regarded to live on the appearing orbifold fixed 
points or branes. 

Particularly, one can impose on bulk fields twisted boundary conditions in extra 
dimensions, a la Scherk-Schwarz(SS) [[J. Then, one can break further the remaining 
SUSY after orbifolding. In 5d Af = 1 SUSY gauge theory compactified on S 1 /Z 2 , 
it was shown that in the presence of the SS breaking of SUSY, there arises a finite 
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one-loop mass correction of the zero mode of a bulk scalar or a brane scalar due 
to the sum of Kaluza-Klein(KK) modes of bulk fields 0. It turns out that the SS 
breaking is equivalent to the case with a nonzero auxiliary field (F term) of the 
radion multiplet in the off-shell 5d supergravity || 0] • A nonzero twist parameter 
or F term can be determined dynamically after the radion stabilization £| . 

On the other hand, one can consider the localized breaking of SUSY at the 
orbifold fixed points |H| 0, [13], % 0, [15|, [L6|, |1|, |19|, . For instance, when 
the remaining SUSY is broken at the hidden brane, only bulk fields such as gaugino 
or gravitino get nonzero masses at tree level and the broken SUSY is transmitted 
to the visible brane by bulk fields. Then, one can find that the mass spectrum of 
bulk fields and their coupling at the visible brane are equivalent to those in the SS 
breaking without brane mass terms |7], 14 1. Therefore, there also appears the one- 

which is due to the 



loop finiteness for a scalar mass of the visible brane [13 



geometric separation of SUSY breaking from the visible brane. If the broken SUSY is 
mediated dominantly by gaugino, the scalar mass becomes flavor-blind which sheds 
light on the supersymmetric flavor problem [|i~2 |. 

In this paper, we will consider the SUSY breaking in 6d M = 1 supersymmetric 
gauge theory compactified on the orbifold T 2 /Z 2 Even if we consider only U(l) 
gauge group in the bulk, it is straightforward to extend to the non-abelian gauge 
group. The orbifold fixed points on T 2 jZ 2 correspond to co dimension-two branes. 
First we consider a generalization of the SS breaking of SUSY to the 6d case. Then, 
we show that the SS breaking is equivalent to the localized breaking with mass terms 
along the lines rather than points. This localized SUSY breaking can be realized by 
positioning the hidden sector at the fixed boundaries under additional Z 2 actions. 

For the localized breaking with mass terms at the co dimension-two brane, how- 
ever, the classical solution of a bulk field is singular for an infinitely thin brane [52] . 
So, one must regularize the zero thickness of brane. Then, the regulator dependence 
in the classical solution is absorbed into the renormalized brane mass, which has a 
classical logarithmic RG running [F22J. In that sense, the localized breaking at the 
co dimension- two brane is sensitive to the ultraviolet physics of regularization even 
in a mild way with the log divergence. Actually, it has been shown |23j that in the 
presence of mass terms localized at the fixed points, the one-loop mass for a brane 
scalar due to bulk gauge fields has a log divergence due to the infinitely thin brane. 

On the other hand, the localized mass terms at codimension-one branes are 
insensitive to the regularization of the brane thickness, as seen from the equivalence 
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to the SS breaking. By using the off-shell action for 6d SUSY gauge theory with the 
bulk-brane coupling pi] , we make a computation of one- loop mass correction to a 
brane scalar due to the SS breaking or the localized breaking along the distant lines. 
Thus, we find that the resulting one-loop correction is finite. In the limit of taking 
one extra dimension without a SS twist to be much smaller than the other one with 
a SS twist, we reproduce the 5d result with a SS twist. On the other hand, a small 
extra dimension with a nontrivial SS twist is not decoupled but rather its effect is 
dominant in the one-loop mass correction. 

The paper is organized as follows. First we describe the SS twisted boundary 
conditions on the bulk gaugino and find the mass spectrum and mode expansion 
of gaugino. Next in the localized SUSY breaking with general Z2-even mass terms 
along the lines, we obtain the similar result as in the SS twist. Then, we compute 
the one-loop mass correction to a brane scalar due to the KK modes of bulk gauge 
fields. Finally the conclusion is drawn. 



2. Scherk-Schwarz breaking of SUSY on T 2 /Z 2 

Let us consider a 6d M = 1 supersymmetric U(l) gauge theory compactified on the 
T 2 /Z 2 orbifold 1 . Two extra dimensions on a torus are identified as x$ = x§ + 2tcR 5 
and Xq = Xq + 2ttRq where R§ and Rq are radii of extra dimensions. By orbifolding 
on the torus by Z 2 , we identify (x5,Xq) with (—#5, — xq). Then, there appear four 
orbifold fixed points, 

(0,0), (Tri^O), (0,7ri2e), (nR 5 ,nRe). (2.1) 

The fundamental region is the half of the torus. 

The kinetic term for the U(l) gaugino 2 is given by 

C = iVL t T M d M W. (2.2) 

The gaugino fl l is a right-handed simplectic Majorana-Weyl fermion satisfying the 
chirality condition 

T 7 tt l = fi\ (2.3) 

x It is straightforward to include hypermultiplets coupled to the U(i) [Q and extend to bulk 
non-abelian gauge groups. In these cases, one needs to remember that the bulk matter content is 
severely restricted due to genuine 6d anomalies (2l) . 

2 For notations and conventions, refer to jzifl . 
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On writing the gaugino in a four dimensional Weyl representation Q R = A 1 , eq. 
becomes 

C = f\a M d M X\ (2.4) 

From the symmetry of the action on an orbifold T 2 /Z2, let us consider the 
orbifold boundary conditions and the Scherk-Schwarz(SS) twists on T 2 /Z 2 as follows, 



Z 



X(x, -x 5 , -x 6 ) = r 3 (ry )X(x,x 5 ,x 6 ) = PX(x,x 5 ,x 6 ), (2.5) 
X(x, x 5 + 2nR 5 , x 6 ) = UxX(x, x 5 , x 6 ), (2.6) 
X(x, x 5 , x 6 + 2ttR 6 ) = U 2 X(x, x 5 , x 6 ) (2.7) 



where C/j(z = 1,2) are 2x2 twist matrices corresponding to SU (2) R rotations. The SS 
twists on the orbifold are subject to the consistency conditions UiPUi = P{i = 1,2) 
and U1U2 = U2U1. We note that there is another possible choice of the parity matrix 
P = ±l 2 (ry 5 ), instead of P = r 3 (z7 5 ). In this case, the consistency conditions lead 
to Ui = ±1 2 or ±r 3 . However, in this paper, let us focus on the case with P = r 3 (z7 5 ) 
for which a continuous twist is possible. 

The first condition UiPUi = P(i = 1,2) gives rise to the following form for either 
U\ or U 2 : a continuous twist connected to the identity, 

jj _ e -i[27rwi(ri sin0i+T2 cos</>i)] ^2 g^J 

with Ui, (pi being real parameters, or a discrete twist not connected to the identity, 

Ui = -1 2 - (2.9) 

By using the residual global invariance, a continuous twist (U with i = 1 or 2) can be 
always set to the one with 0j = 0. Therefore, also considering the second condition 
U\U 2 = U 2 Ui, we find that there are four possible twisted boundary conditions: 

U x = e ~ 27TiuJ5T \ U 2 = e 2 ^ 67 " 2 , (2.10) 

Ux = -1 2 , U 2 = e 2nm , (2.11) 

Ui = e - 27TiuJ5T \ U 2 = -l 2 , (2.12) 

U x = U 2 = -1 2 (2.13) 

where u^,uq are real constant parameters. We note that the discrete choice of twist 
matrices corresponds to using i?-parity of J\f = 1 4d supersymmetry as the global 
symmetry. 
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First, for the case with continuous twists in both extra dimensions given by 
eq. (|2.10|) , let us make a redefinition of the gaugino as 

\{x,x 5 ,x 6 ) = e- i(aJ5X5/i?5 - Wfi:C6/i?fi)r2 A(x,a; 5 ,x 6 ). (2.14) 

Then, regarding A to be untwisted fields, we take the redefined gaugino to be a 
solution to the twisted boundary conditions ( |2.6|) and (|2.7|) with eq. (|2.10|) . Moreover, 
one can show that A satisfies the same orbifold boundary condition as A in eq. ( |2.5| ). 
Let us write the untwisted fields A in terms of 4d Majorana spinors = 1, 2) 

as 

A 1 = +\{l + i 1 ^ 1 + \{l-i 1 ^\ (2.15) 

\ 2 = -\{l-H b )^ + \{l + H b )^\ (2.16) 

and similarly for the twisted fields A in terms of 4d Majorana spinors = 1,2). 
We note that the untwisted Majorana spinors are related to the twisted ones by 



V? 1 



( cos + ^] -sm(^ + ^ ^ 



Rs 1 Ra \ Rs 1 Ra 



i^ 1 
</5 2 



(2.17) 



Then, from eq. (|2.5|) , one can show that ^) % satisfy the following Z 2 boundary condi- 
tions, 

Tp l (x, -x 5 , -x 6 ) = +4> 1 {x, x 5 , x 6 ), (2.18) 
V> 2 (x, -x 5 , -x 6 ) = -4> 2 (x,x 5 ,x 6 ), (2.19) 

and similarly for With this redefinition of fields, let us write the gaugino kinetic 
term (|2.4| ) in terms of untwisted fields ip as 

- ^(W 1 + W 2 ) + ^(T 1 ^ 1 + T 2 1^ 2 )- (2.20) 

Equivalently, by writing ip l = (x 1 , X l ) T {i = 1> 2) with 4d Weyl spinors x\ the action 
becomes 

c= ^T^v^ + ^^V) 

i=l,2 

+ [-X 1 (d 5 - id & ) X 2 + X 2 (d 5 - id^x 1 + c.c.\ + C m (2.21) 
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where C m corresponds to the bulk mass terms given by 
r = - 



y + V +X X ) + c.c. 

/t 5 /t 6 / 



(2.221 



Therefore, we find that the SS twist on the torus induces nonzero Z2-even mass 
terms in the basis of the untwisted gaugino that we have introduced for redefining 
the gaugino. We note that the Z 2 -even and odd untwisted fields take equal bulk 
masses as in the 5d case. 

From the action ( p.21| ), we can derive the equations of motion for gaugino as 
follows, 

l ^d,x 2 + (d 5 - ^ 6 )x 1 - + ^) X 2 = 0, (2.23) 



u 5 ,u 6 



-i 



0. 



(2.24) 



, R5 R&, 

Therefore, solving the above equations, we find the solution for the untwisted gaugino 



as 



(x,x 5 ,x 6 ) 



E 

n 5 ,n 6 GZ 



/ 



V 





716 

Re 


^Xk - 

R5 5 


n 6 
H 6 " 



/ 



r] (n5 ' ne \x) (2.25) 



where ns,n 6 are integer, ia^d^ n5 ' m \x) = M n5in6 r/ n5,n6 )(:r) and the mass spectrum 
is given by 

— (2 . 26) 



M, 



n 5 ,ne 



n 5 



Consequently, due to the relation ( |2.17|) , the solution for the twisted gaugino ip l 
{C-,C) T {i — 1;2) becomes 



c 1 

c 2 



[x : x 5 ,x 6 ) 



1 



E 

n5,ri6GZ 



COS 



V 



sin 



R 5 5 H 6 6 



R 5 X5 H 6 X6 



/ 



V 



x). 



[2.27) 



Similarly, for the case with a continuous twist in one direction and a discrete 
twist in the other direction given by eq. (|2.11|) , we can make a redefinition of the 
gaugino with A as 

\(x, x 5 , x 6 ) = e te6/R6)r2 A(x, x 5 , x 6 ). (2.28) 
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Then, A satisfies the following orbifold and twisted boundary conditions: 



^2 

T 2 



X(x, -x 5 , -x e ) = r 3 (ij 5 )X(x, x 5 , x e ) 
X(x, x 5 + 2nR 5 , x 6 ) = -X(x, x 5 , x 6 ), 
X(x, x 5 , x 6 + 2ttR 6 ) = X(x, x 5 , x e ). 



(2.29) 
(2.30) 
(2.31) 



Consequently, plugging the redefined gaugino into the action, deriving the equation 
for A and imposing the above boundary conditions to A, we find the corresponding 
solution for A in 4d Weyl representation as 



/ 



1 



2ttv/R^ 



n 5 ,n 6 eZ 



COS 



V 



sin 



n 5 + l 

R 5 


X 5 


n 6 
R 6 


n 5 +i 
R 5 


x 5 - 


n 6 
Re 



•i'6 
Xq 



r/ (ns ' n6) (x) 



(2.32) 



where ns,n 6 are integer, ia fl d^r] ( - n;: " n6 \x) = M n5)n6 ^^ n5 ' n6 -'(x) and the mass spectrum 
is given by 



n 5 ,n 6 



n 5 + | 



+ i 



Rp, 



(2.33) 



Therefore, the solution for the twisted gaugino A is given by eq. ( |2.27|) with ujz, = |. 
Also for the case with twist matrices (|2.12|) , we only have to interchange (n^, i?s) <-> 
(uq,Rq) with ujq — > u>5 in eq. (|2.32|) , and then obtain the solution for the twisted 
gaugino A given by eq. (|2.27|) with u 6 = |. 

Lastly, for the case with discrete twists in both extra dimensions, the solution 
for the twisted gaugino A is given by eq. ( [2.271 ) with u 5 = uj$ 



l 

2 ' 



3. SUSY breaking due to localized gaugino masses 

In this section, instead of the SS boundary twists of gaugino, let us consider a local 
breaking of supersymmetry which is parametrized by gaugino mass terms, and show 
the equivalence between the SS breaking and the localized breaking. 

Let us take the most general Z 2 -even mass terms 3 for gaugino, which are local- 

If one introduces gaugino mass terms proportional to 5{x§) and S(xq), there appears a non- 
supersymmetric gauge coupling at the origin due to the suppression of gaugino wave function [f20[ . 
Since we assume the visible sector fields to be localized at the origin, let us consider the gaugino 
mass terms only at distant lines. 
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ized along the two lines intersecting at a fixed point (ttRs, tcRq) on the orbifold, 

C m = -[2m(xY + px\ 2 ) + c.c}5(x 5 - ttR 5 ) 

-[2im\x l X l + pW) + c.c.}S(x 6 - vr# 6 ) (3.1) 

where (m, p) and (m', p') are gaugino mass parameters and they are assumed to be 
real. Then, the lines with localized mass terms should be regarded as the fixed bound- 
aries under two additional independent Z 2 actions [p4| : Z' 2 : (x 5 ,x 6 ) — > (— x 5 ,x 6 ) and 
Z'2. (X5, xq) — > (X5, — xq). In this case, it is conceivable that the localized mass terms 
are due to the SUSY breaking in the hidden sector located on the lines, rather than 
points. 

In this case, the gaugino equations of motion are 



la^f + (d 5 - id Q ) X l ~ 2(mp5(x 5 - rrR 5 ) + im'p'5(x 6 - kR q )) X 2 = 0, (3.2) 
iv^x 1 - (d 5 + id & )x 2 - 2(m5(x 5 - ttR 5 ) - im'5(x 6 - nR,))^ = 0. (3.3) 



Now let us take the solution of gaugino to the above equations as 

( X l) (x,x 5 ,x 6 ) = ViV M ( ul ^ x A VM (x) (3.4) 

where Nm is the normalization constant and ia^d^fjMix) = Mt]m{x). Then, the 
gaugino equations are 

Mu 2 + (d 5 - id 6 )u l - 2(mp5(x 5 - nR 5 ) + im'p'5(x 6 - ttR 6 ))u 2 = 0, (3.5) 
Mu 1 - (d 5 + id 6 )u 2 - 2(m5(x 5 - irR 5 ) - im'S(x 6 - ttR^u 1 = 0. (3.6) 

Let us take u l ,u 2 to be real functions. Then, taking M = M 5 + iM 6 with real M 5 
and Mq and using eqs. (|3.5|) and (|3.6|), we obtain the equation for t = u 2 /u 1 as 



d 5 t = M 5 (l + t 2 ) - 2m(l + pt 2 )5(x 5 - nR 5 ), (3.7) 
d 6 t = -M 6 (l + t 2 ) + 2m'(l + p't 2 )5(x 6 - 7iR 6 ). (3.8) 

It is convenient to consider the Z2-odd solution of t separately around different fixed 
points and match them in the overlap regions That is, let us consider the 

solution of t which satisfies the equations of motion inside a torus centered at each 
fixed point. Thus, we find the solution for t: 
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• —ttR 5 < x 5 < ttR 5 and —ttRq < x 6 < 7ri? 6 , 

t = tan(M 5 a; 5 - M 6 x 6 ). (3.9) 

• < £5 < 27ri?5 and —tiRq < x Q < ttRq, 

t = tan[M 5 (x 5 — 7r_R 5 ) — M 6 x 6 — arctana(p, me(x 5 — ttR 5 ))] (3.10) 
where e(x 5 — 7rR 5 ) is a step function with 2nR 5 periodicity given by 

{+1, < x 5 < ttR 5 , 

0, x 5 = 0, (3.11) 
— 1, — ttR 5 < x 5 < 0, 

and 

a(p, me(^5 — 7ri?s)) = — — tan( v /pme(xs — nR 5 )). (3-12) 

• —nR 5 < x 5 < n R 5 and < x e < 2nR 6 , 

t = tan[M 5 a;5 — M 6 (x 6 — ttRq) + arctana(p / , m'e(x e — 7ri? 6 ))], (3.13) 
where e(xe — tiRq) is a step function with 2nR§ periodicity. 

• < x 5 < 2nR 5 and < x e < 2nR 6 , 

t = tan[M 5 (x 5 — vri? 5 ) — Mq(xq — hRq) — arctana(p, me(x^ — 71R5)) 

+ arctana(//, m!e{x§ — ttRq))]. (3-14) 

Identify the first two solutions in the overlap region of < x 5 < ttR 5 and —nR 6 < 
x e < ttR 6 , we find 

1/1 \ 

M 5 = — I n$ H — arctano;(p, m) 1 , = integer. (3.15) 
-R5 V n J 

Likewise, identifying the first and third solutions in the overlap region of —irR 5 < 
£ 5 < 7ri? 5 and < x Q < tiRq, we also find 

M 6 = — ( rig H — arctano;(p / , m') ] , n 6 = integer. (3.16) 

Rq \ 7T J 
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Then, comparing the other solutions in the overlap regions does not lead to a new con- 
dition. Therefore, the mass spectrum is equivalent to the one with SS breaking when 
u 5 and Uq in eq. ( |2.26fl are identified with arctana(p, m)/iT and arctana(p', m')/ir, 
respectively. 

Moreover, the solutions of u 1 and u 2 are also given in the separate regions: 

• —nR 5 < x 5 < nR 5 and —ttRq < x Q < ttRq, 

u 1 = cos(M 5 x 5 - M 6 x 6 ), (3.17) 
u 2 = sin(M 5 x 5 - M 6 x 6 ). (3.18) 

• < x 5 < 2nR 5 and —nR e < x Q < ttRq, 

u 1 = (-l) n5 A(p,me(x 5 - nR 5 )) x 

x cos[M 5 (x5 — 7ri? 5 ) — MqXq — arctana(p, me(x5 — wR^))}, (3.19) 
u 2 = (-l) n5 A(p,me(x 5 - ttR 5 )) x 

x sin[M 5 (x 5 — vr_R 5 ) — M 6 x 6 — arctana(p, me(x 5 — vri? 5 ))] (3.20) 

where 

At I d ^ - ( 1 + " 2 (P,™(^5 -7ri2 5 )) \ 1/2 

A{p,me{x 5 - 7iR 5 )) = — — - . 3.21 

VI + pa 2 {p, me(x 5 - tcR 5 )) J 

• — tyR 5 < x 5 < ttR 5 and < x 6 < 2ttRq, 

u 1 = (-l) n6 A(p',m'i(x 6 - ttR 6 )) x 

x cos[M 5 x 5 — M 6 (x 6 — vri? 6 ) + arctana(p', m'e(x e — ttRq))}, (3.22) 

u 2 = (-l) n M(p', m'e(x 6 - irR e )) x 

x sin[M 5 x 5 — M 6 (x e — vri? 6 ) + arctana(p', m'e(x 6 — 7ri? 6 ))]. (3.23) 

• < x 5 < 2itR 5 and < x e < 2nR 6 , 

u 1 = (-l) n5+n6 A(p,me(x 5 - TrR 5 ))A(p' \m'e(x 6 - ttR 6 )) x 
x cos[M 5 (x 5 — 7tR 5 ) — M 6 (x 6 — 7rR 6 ) 

— arctana(p, me(x 5 — nR 5 )) + arctana(p', m'e(x 6 — 7r_R 6 ))], (3.24) 
u 2 = (-l)" 5+n6 A(p,me(x 5 - 7rR 5 ))A(p',m'e(x 6 - irR e )) x 

x sin[M 5 (x 5 — itR 5 ) — M 6 (x 6 — 7tRq) 

— arctana(p, me(x5 — vr_R 5 )) + arctana(p', m'e(xQ — ttRq))}. (3.25) 
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In order to make a normalization of KK modes, let us insert the solutions in the 
action and integrate it over extra dimensions. Then, we obtain the normalization 
constant in the separate regions: 

• —nR 5 < x 5 < ttR 5 and — nR 6 < x 6 < vr_R 6 , 

(pnR 5 rnR e \ — 1/2 

/ dx 5 / dx^u 1 ) 2 + (u 2 ) 2 ] = (3.26) 

• < x 5 < 2nR 5 and —ttRq < x 6 < ttRq, 



»2ttR 5 i-kR 6 \ -1/2 | 

N M =( I dx 5 / dx^u 1 ) 2 + (u 2 ) 2 ] = - A^{p,m) 

(3.27) 



-ttR 5 < x 5 < ii R 5 and < xq < 2ttRq, 

/ i"irR 5 i>2ttR 6 \ -1/2 

N M =( dxj dx^u 1 ) 2 + (u 2 ) 2 ] = - ^== A-\p',m'). 



-ttR 5 Jo 



< x 5 < 2nR 5 and < x 6 < 2nR 6 



1 



2ny/R 5 R 6 



(3.28) 



"2^5 /-27rH6 \ -I/ 2 

Xm = { I dx 5 J^ dx G [(u l ) 2 + (u 2 ) 2 } 

-.A- 1 (p,m)A~ 1 (p',m'). (3.29) 



2nVR5Re 

4. One-loop mass correction to a brane scalar 

In the general case with nonzero gaugino masses, let us put a chiral multiplet at 
the (0, 0) fixed point. Then, the scalar partner of the chiral multiplet does not 
feel the supersymmetry breaking directly but there exists a loop contribution to its 
mass due to the distant supersymmetry breaking. Only Z 2 -even gaugino couples to 
the brane scalar. From the solution ( 3.17)) with normalization ( |3.26|) in the region 
— ttR 5 < < 7ri? 5 and —tiRq < Xq < ttRq, we find that all KK modes of Z 2 -even 
gaugino have the same brane coupling as the one of bulk gauge boson, 

94 ~ 2lTy/RjR~ 6 1 ' ' 
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where g§ is the six- dimensional gauge coupling. One has the KK mass spectrums for 
gauge bosons and gaugino running in loops, respectively, 



M, 



(0)ri5,ri6 



M; 



n 5 ,ne 



n 1] + 
R 5 

Rk 



+ 



Rr 



(4.2) 
(4.3) 



On the other hand, from the even-mode C, 1 from eq. ( |2.27| ) at the (0, 0) fixed 
point and the mass spectrum in eq. ( |2.26| ), one can find that the SS breaking leads 
to the same brane coupling and mass spectrum of gaugino as in the localized breaking 
of supersymmetry. So, the brane scalar fields do not feel the difference between the 
SS twist and the localized gaugino masses along the distant lines. 

Now let us consider the KK mode contribution to the one-loop mass correction 
for a brane scalar <fi with charge Q under the U(l). For this, we note that the coupling 
of the bulk auxiliary field to the brane scalar is given by the following action ||21||, 



(Fx 



-(D 3 ) 2 + 6(x 5 )5(x 6 )g 6 Q^(-D 3 + F f 



56 1 



(4.4) 



where D 3 is the third component of auxiliary field in the bulk vector multiplet and 
F56 is the extra component of field strength. After eliminating the auxiliary field by 
its equation of motion, we find the resulting coupling as 

1 



<fx 



g & Q(j) ] F 56 (x,x 5 = 0,x 6 = 0)0 



^ 6 2 Q 2 (0V) 2 5(O)5(O) 



(4.5) 



with 



6(0)6(0) 



1 



^R 5 R 6 



E 

n 5 ,n 6 eZ 



E 

n 5 ,ri6GZ 



p 2 - M, 2 



(0)n5,ri6 



4n 2 R 5 R 6 ^ P 2 ~M 2 

o ^17 f (0)ri5,n6 



(4.6) 



in the dimen- 



Therefore, considering the similar Feynman diagrams as in 5d [TU 
sional regularization with d = 4 — e, bosonic and fermionic loop contributions to the 
scalar self energy are, at nonzero external momentum q 2 , respectively, 

2 4-d f dd P p{q + p) 



-im B (q ) = Ag 4 Q ji 



E 

n5,ri6GZ 



(2ir) d (p 2 



pf 



(4.7) 



- 12 - 



and 



— — ^-r7 



n5,ri6€Z ' 



(4.1 



By using the Schwinger representation 



1 



n-l-At 



dtt n ~ l e 



A n T{n) J 

and performing the momentum integrations via the identities 



dyy 



2n+d-l e -y 2 t 



T(d/2 + n) 
2t d / 2+n 



(4.9) 



(4.10) 



we find the one-loop corrections as 



2 , 2. uiQ-ll'-Hr,) 



m B (q 



4Mj Jo 



dx 



(2 - -)J 2 [0, 0, c] + ttx(1 - x)q 2 RiJ l [0, 0, c] [4.11) 



and 



2 / 2\ 

m F (q 



gjQ 2 (/j7TR 5 ) 



dx 



(2 - -)J 2 [uJ 5 ,LJ( i ,c] 



+ttx(1 — x)q R 5 Ji[uj 5j uj 6j c 



(4.12) 



with 



Jj[w 5 ,U) 6 , c] = E / 



-iri [c+a 5 (n 5 +u 5 ) 2 +a 6 (n 6 +w 6 ) 2 ] 



a 5 = x, ae = x(— -) , c = — x(l — x)g 2 i?g. 



j = l,2; a 5i6 ,c>0; 



(4.13) 



For small positive 4 c, we obtain the following approximate formulas [25[] for 

4 c is positive after a Wick rotation q 2 = —q%. 
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Jj[u 5 ,u 6 ,c}, 

Jl[<Jt)5,U6, C < 1] 



7TC 



In 



$i(u; 6 — iuui^iu) 



(cug — iuuj 5 )r](iu) 



-\n[(c + a 5 Lu1 + a 6 ujl)/a 6 ], u 




(4.14) 



7T 2 C 2 



+ 



2 / \ V 2 

7r z a 5 / a 5 



a 6 



— -2A 2 (1 - A_) 2 



+ 



+ 



\n + to 5 \U 2 (e~ 27Tiz ) + c.c. 



nGZ 

fl 6 t ■ I .-2mz 



2tt 



E Li 



+ c.c. 



neZ 



(4.15) 



where = uj 5 — with < A Ws < 1 and [0*5] G Z, and z = cj 6 — i^J^\n + uj 5 \. 
Here, $1 is the Jacobi theta function and 77 is the Dedekind eta function. And LI2, Li3 
are the polylogarithm functions as 



OO £, 

X 



U n(x) = J2— } n = 2,3. 



k=l 



(4.16) 



Therefore, the resulting one-loop correction for the brane scalar is given by 
9lQ' 



m%q 2 ) = m 2 B (q 2 ) + m 2 F (q 2 ) 



2^R 2 j 



dx 



J 2 [0,0,c] - J 2 [uj 5j uJe J c] 



glQ 2 



dxxil — x) 



Ji[0,0,c] - Ji[uj 5 ,uj 6 ,c] 



(4.17) 



Consequently, we observe that both divergences of J\ and J 2 are cancelled and there 
appear only finite corrections. Thus, we can take c = safely at the zero external 
momentum without involving the UV and IR mixing found in P5| . So, the mass 
correction with q 2 = is given by 

glQ 2 



roi(O) 



4vr 3 i? 2 



2tt 2 1 

— rA 2 5 (l - A W5 ) 2 + -(J a (0,0) - /iK^e) + c.c.) 
6 r 



^^-^( J 2(°' °) " J 2K, we) + cc.) 



6 



(4.18) 
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with 



h(u 5 , Lo e ) = ^2 \ n + ^5|Li2(e~ 



■2ir\ n+u)§ | r — 2niu>e \ 



neZ 



and 



I 2 (u; 5 ,u; 6 ) 



E Li 3( e " 



(4.19) 



(4.20) 



nGZ 



In order to see the mass correction explicitly, let us simplify the sums as follows, 



h(u s ,u 6 ) = 



2 00 e -2vrifcA„ 6 



2 ^— ^ A; 2 sinh 2 (7rA;r) 
+(1 - A £JS )cosh(2 7 rA;A aJ6 r 



A a , 5 cosh(27rfc(l - A^)r) 



and 



X1 e -27rifcA 1J6 



cosh(7rfc(l - 2A W5 )r) 



fc=i 



A: 3 



sinh(7r/cr) 



(4.21) 



(4.22) 



Here A^g = u 6 — with < A W6 < 1 and [u; 6 ] e Z. Therefore, inserting the above 
expressions into eq. ( 4.18 ), we find that the resulting mass correction is finite as 



glQ 2 



m 2 J0) 



^rA^l-A.J 2 



l~ 1_ 



, -f £; 2 sinh (irkr) 

k=l v ' 

+ (1 - A^Jcosh^vrfcA^r)} 



1 - cos(2vrA;A a;6 ){A W5 cosh(27rA;(l - A^ 5 )r) 



7rr z ^— ^ /c d tanh(7r/erj 



| Cosh(7rfc(l - 2A a , 5 )r) 
cosh(7r fcr) 

First let us consider the case with A W5 = 0. Then, eq. (|4.23|) becomes 

glQ 2 \\y L 



(.4.23) 



m 2 (0) 



4tt 3 R 2 5 



r ^ fc 2 sinh (irkr) 



[1 - cos(27rfcA W6 )) 



1 00 1 

+ ^g fe 3 tanhW d-^(^)) 



(4.24) 
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In this case, let us take the limit of 7rr 3> 1, i.e. one extra dimension with radius R§ 
to be much smaller than the other. Thus, the resulting mass correction reproduces 
exactly the 5d case with a SS twist PD| , 



"4(o) 



g\Q 2 

6 k=i 



oo ^ 



(4.25) 



On the other hand, when one takes A^ 5 = 
twist in the fifth direction, eq. ( |4.23|) becomes 



|, which is the case with a discrete 



g\Q 2 

47T 3 i?| L 



mj(0) 



9 -, OO 

7T 

— r + 
24 r 



^ oo 



' fc 2 sinh (7rfcr) 



+ 



1 oo 



1 — cos(27rfcA a 



7rA;r 



7rr 2 ^— ^ fc 3 tanh(7rfcr) \ sinh(7r/cr) 

Again in the limit of nr 3> 1 , the resulting mass correction is 

gjQ 2 fR 



(4.26) 



mi(0) 



967T.R2 



(9[ 



(4.27) 



Therefore, in this case, one extra dimension with small radius i?5 is not decoupled, 
but rather the effect due to the nontrivial SS twist in that direction is a dominant 
contribution to the mass correction. For other nonzero values of A Wg , such a non- 
decoupling of small extra dimension remains true because the first term in eq. ([4.23 ) 
is dominant for 7rr 3> 1. 



5. Conclusion 

We considered supersymmetry breaking on the orbifold T 2 /Z 2 via the SS twisted 
boundary conditions or the localized mass terms. It turns out that the SS breaking 
is equivalent to the localized breaking at the lines which should be regarded to be 
fixed boundaries under additional Z 2 actions. In this case, we have shown that in 
the presence of the SS twist or localized mass terms for the bulk gauge sector, there 
arises a finite one-loop mass correction to the visible brane scalar. In particular, 
for the case with one extra dimension much smaller than the other, we observe that 
the effect from the small extra dimension to the one-loop mass correction is not 
decoupled due to a nontrivial SS twist in that direction. 
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In order to know whether the contribution due to the bulk gaugino dominates 
over other contributions such as anomaly mediation ||, one needs to determine the 
SS twist parameter dynamically. At the level of 4d effective supergravity, one could 
think of the SS breaking to be equivalent to a nonzero F term of the corresponding 
radion multiplet for two extra dimensions as in 5d case M, and introduce a radius 
stabilization mechanism to determine the F term dynamically. Moreover, in order 
to estimate supergravity loop corrections as in 5d case p6| , it seems indispensible 
to understand the 6d off-shell supergravity, which is not available yet. Let us leave 
these issues in a future publication. 
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